ABSTRACT
INTRODUCTION
Intrinsic order and disorder are defined herein at the amino acid residue level. The backbone atoms, hence also the residues, of ordered regions or proteins undergo smallamplitude, thermally-driven motions about their equilibrium positions determined as time-averaged values. In some cases, ordered regions cooperatively switch between two or more specific conformations. In contrast, intrinsically disordered proteins or regions exist as dynamic ensembles in which the atom positions and the backbone Ramachandran angles vary significantly over time with no specific equilibrium values and * To whom correspondence should be addressed.
typically involve non-cooperative conformational changes. Thus, the existence of disorder is determined by a protein's dynamical properties, and not necessarily by the presence or absence of local secondary structure. We define an intrinsically disordered protein as one that contains at least one disordered region.
Despite the fact that intrinsically disordered proteins fail to form fixed three dimensional (3D) structure under physiological conditions, existing instead as ensembles of conformations, they carry out critically important biological functions (Dunker et al., 2002a; Iakoucheva et al., 2002) . Several recent reviews (Wright and Dyson, 1999; Uversky, 2002; Dyson and Wright, 2002; Tompa, 2002) attest to the growing interest in these proteins. In addition, whole-cell NMR experiments demonstrate that intrinsic disorder can exist in vivo (Dedmon et al., 2002) and thus does not result merely from the failure to find the correct conditions or ligand for folding to occur. A collection of about 100 intrinsically disordered examples, many of which were characterized by two or more experimental methods, were assigned one of 28 specific functions and grouped into four functional classes: (1) molecular recognition; (2) molecular assembly; (3) protein modification; and (4) entropic chain activities (Dunker et al., 2002a) . Intrinsically disordered regions are typically involved in regulation, signaling and control pathways in which interactions with multiple partners and high-specificity/low-affinity interactions are often requisite. In this way, the functional diversity provided by disordered regions complements those of ordered protein regions.
At the structural level, we proposed that intrinsically disordered regions may exist in molten globule-like (collapsed) and random coil-like (extended) forms (Dunker et al., 2001) . Another form of disorder, the pre-molten globule, has been proposed (Uversky, 2002) , but it is unclear whether it is truly distinct from the random coil-like class. We also suggested that functions of disordered proteins may arise from the specific disorder form, from interconversion of disordered forms, or from transitions between disordered and ordered conformations (Dunker et al., 2001) . These function-associated conformational changes may be brought about by alterations in environmental or cellular conditions (e.g. disorder-to-order transition upon binding during signal transduction).
A major hindrance in the study of intrinsically disordered proteins is the absence of an organized database for these proteins. The lack of a curated, systematized database impedes the dissemination of knowledge regarding disorder examples. An additional complication is the diversity of language used to describe similar phenomena. For example, while the absence of a fixed 3D structure is used herein as the definition of disorder, and thus molten globule-like proteins and molten globule-like regions would be included, others prefer to view disordered proteins and regions as operationally identified as missing coordinates in the Protein Data Bank (PDB) (Linding et al., 2003b) , as essentially devoid of helix or sheet (Liu et al., 2002) , as dynamically flexible ensembles (Ward et al., 2004) , or as high B-factor coils (Linding et al., 2003a,b) . Thus, a coordinated, widely used database could help to unify the terminology in this field. One notable attempt to provide such a resource of protein disorder is the ProDDO database (Sim et al., 2001) ; however, it is not curated, its contents are limited to PDB entries, and it does not provide structural or functional annotation of disorder. For these reasons, we embarked on the construction of the Database of Protein Disorder, known as 'DisProt', in which the available structural/functional information was obtained through exhaustive searches of the relevant literature and biological databases (Dunker et al., 2002a) .
PROTEIN SELECTION CRITERIA
DisProt contains both proteins that lack a fixed 3D structure along their entire lengths as well as proteins that have local regions lacking a fixed 3D structure. The criteria for the inclusion of a protein in DisProt are discussed in the following paragraphs.
Several methods have been used to identify proteins wholly lacking fixed 3D structures, including several variants of NMR spectroscopy, circular dichroism (CD) spectroscopy, small-angle X-ray scattering (SAXS) and estimation of hydrodynamic radius. The details of each method are described elsewhere (Rose, 2002; Daughdrill et al., 2004) . NMR spectroscopy provides the most direct estimation of the internal motions that characterize disordered ensembles and can be used to identify each residue lacking a fixed structure if peak assignments are made. However, for many proteins a global characterization is made without making individual NMR peak assignments. CD, SAXS and hydrodynamic radius measurements do not provide residue-by-residue information. For proteins characterized by these methods, part of a given protein might fold into a structured domain that is missed because it represents a small fraction of the total sequence. Thus, inclusion of such proteins in the database characterized by these methods introduces the possibility that regions of ordered structure are misclassified as regions that lack fixed structures. While proteins characterized by a single method are included, an effort is being made to identify proteins characterized by multiple methods. Such well-characterized proteins can serve as useful prototypes for proteins in particular classes.
One of the main methods for characterizing disorder is by missing electron density in X-ray structures, which leads to missing coordinates in the corresponding PDB files. For example, about two-thirds of the structured chains in the PDB contain localized regions of missing electron density (Obradovic et al., 2003) ; these regions vary in length from single residues to long segments containing more than 100 consecutive residues. For inclusion in this database, a given residue needs to lack electron density for all of its backbone atoms, not just the side chain atoms. For long regions of missing coordinates in X-ray structures there is the possibility that they are actually ordered domains that move as rigid bodies and thus fail to scatter X-rays coherently. Such regions have been called 'wobbly domains' (Dunker et al., 2001; Daughdrill et al., 2004) . Although such unobserved regions would be misclassified as disordered in the present database, similarities in amino acid compositions between disordered regions characterized by different methods indicate that wobbly domains are the exception rather than the rule (Dunker et al., 2002b) . Over time, an effort will be made to identify such misclassified, wobbly-domain regions and remove them from the database. For example, protease digestion typically releases wobbly domains as large, protease resistant fragments, while disordered regions tend to be cut at multiple loci and fail to yield such large fragments. Thus, a simple procedure based on protease digestion could be used to test whether a long unobserved region is a wobbly domain or not. In addition, NMR could be used if the entire protein is not too large.
Several NMR techniques can indicate regions of disorder within otherwise ordered protein structures. When modeling the 3D structure to fit the NMR data, some regions give multiple solutions to the NMR restraints and so appear as ensembles of possible structures. The standard view is that such regions are ordered, but the data are simply insufficient to identify the particular 3D structure. The alternative possibility is that such regions actually lack particular 3D structures because they are disordered. Such ambiguities can be sorted out by additional NMR relaxation experiments that directly measure the motions of the residues in such regions (Bracken, 2001 ).
DATABASE CONTENT
DisProt was designed as a companion to major online protein repositories; hence, whenever possible, DisProt provides links to PDB, SWISS-PROT and TrEMBL, GenBank, and PIR databases. The release 1.2 of the DisProt knowledge base consists of 154 proteins with 190 disordered regions, 164 of which are longer than 30 consecutive residues. Currently, DisProt is essentially non-redundant: no two proteins have sequence identity >50%, and only four pairs and one triple of the proteins have sequence identity between 30 and 50%. The non-redundant nature of the database, however, was unintentional. Further releases of DisProt will include similar sequences, but an effort will be made to provide a representative, non-redundant subset to the community. Although relatively small, the set of DisProt proteins provides a considerable coverage of protein sequence space. For example, a BLAST search (with BLOSUM62, gap penalties of 11/1, and E-value threshold of 10 −2 ) revealed that 6720 or 5.1% of 132 648 SWISS-PROT sequences were covered by our database. Since low-complexity regions were not filtered by this procedure due to the positive correlation between disorder and low-complexity sequences, we observe that the 5.1% coverage can serve as an upper limit estimate.
The basic unit in DisProt is a protein chain that has been characterized as having one or more disordered regions. For each listed protein, the database provides the name and various aliases, accession codes and links to other databases, amino acid sequence, and the location(s) of the disordered region(s). Additional fields were allocated for the following information: (1) detection method(s), e.g. X-ray diffraction, NMR, circular dichroism; (2) function of the disordered region, e.g. containing a site for phosphorylation, binding to a specific partner; (3) structural transitions if known, i.e. whether a disorder-toorder or an order-to-disorder transition has been associated with the function of the disordered region; and (4) references, specifically describing the structural characterization or functions of the disordered region including direct links to PubMed citations.
DATABASE ACCESS
DisProt provides a browsable list of current proteins, as well as lists of proteins classified by their functions, possible structural transitions and the method(s) by which they were characterized. Every protein in our database can be viewed in HTML format directly at http://www.disprot.org/protein.php?id=disprot_id. In addition to the HTML representation, we provide the data in XML format for each disordered protein. Finally, a reduced view of the data is made available in FASTA format.
DisProt allows standard and advanced search. The standard search mode provides full-text search of the entire data base, while the advanced mode provides an interface for a fast, sequence-based search of DisProt, an option rarely found in similar databases. Through this option, a user enters a query sequence and is provided with a list of DisProt proteins with significant similarity to the query sequence.
Communication and feedback
A major function of DisProt is to serve as a central repository for submission information related to intrinsically disordered protein. Through a 'Comment' feature we encourage feedback from the bioscience community in terms of verifying the information we provide, as well as obtaining relevant data either from the ongoing research or from the previous research, both published and unpublished. It will be the responsibility of biological experts from our group to verify the submitted information and to update the database accordingly.
Implementation
DisProt was built using PostgreSQL relational database management system running on a Suse Linux platform. Its web interface is based on an Apache web server scripting with PHP language.
Supplementary data
Very often, gaps in the ATOM list of PDB records are indicative of protein disorder. We have parsed the August 5, 2003 release of PDB and extracted all protein chains with gaps of three or more residues in the ATOM list of X-ray characterized proteins. We provided this data for download through DisProt (missingXray.080503.txt file lists chains with missing residues in FASTA format). This data is expected to facilitate future growth of DisProt. Please note that the residue numbering herein sometimes does not match that of the corresponding PDB entry, so comparisons with the PDB entry should be carried out using sequence matching, not using the residue numbers.
Future developments
We will continue to expand the database in terms of the number of protein disorder records. We will also work towards improving the content of DisProt records. We are already in the process of collecting information for a new functional narrative field in the protein records. This field will contain not only a summarizing description of the function of the disordered region, but also an indication of the biological context associated with the particular function. Various functional classification schemes (Dunker et al., 2002a; Tompa, 2002) will be included in future releases of the database. In addition, to minimize the problems associated with different views on disordered proteins, we will make an effort to clearly indicate whether a given protein or region has molten globule-like, pre-molten globule-like or random coil-like properties.
